INTRODUCTION
============

Periodontitis is a common chronic and infectious disease caused by the accumulation of bacteria, leading to the destruction of the surrounding periodontal structure \[[@B1]\]. The fundamental treatment of periodontitis is to reduce the load of subgingival pathogenic bacteria by instrumental debridement by surgical or non-surgical approaches \[[@B2][@B3]\]. However, complete removal of pathogenic biofilm is impossible since some pathogens are embedded in soft tissue or located in anatomically inaccessible areas. Therefore, antibiotics or antiseptics are often applied as adjuvant treatment for periodontal infection in combination with mechanical instrumentation \[[@B4]\].

Currently, there are two methods of administering antibiotic therapy: locally and systemically. Several studies have demonstrated the beneficial effect of systemic application; however, adverse effects including overdose, bacterial resistance, or gastrointestinal intolerance are frequently reported \[[@B5][@B6][@B7]\]. To overcome these shortcomings, locally delivered drug systems have been sought after, and promising results reported \[[@B8][@B9][@B10][@B11][@B12]\].

PerioH-035 is a newly combined formula for treating periodontitis, composed of five herbs: radix of *Angelica sinensis*, radix of steamed *Rehmannia glutinosa*, radix of *Angelica dahurica*, rhizome of *Cimicifuga heracleifolia*, and fruit of *Zanthoxylum piperitum*. *Angelica sinensis* has been reported to have diverse biological effects on bone metabolism, inflammation, oxidation, and periodontal regeneration \[[@B13][@B14]\]. Steamed *Rehmannia glutinosa*, which is a modified form of *Rehmannia* root, has been used to treat inflammatory diseases \[[@B15]\]. *Angelica dahurica* has various types of total coumarins, which were reported to possess anti-inflammatory and anti-oxidant effects \[[@B16]\]. Ferulic acid is regarded as the main active constituent of *Cimicifuga heracleifolia*, which was found to inhibit the production of macrophage inflammatory protein-2 in Raw 264.7 cells \[[@B17]\]. *Zanthoxylum piperitum* is commonly used as a seasoning spice and a traditional medicine for regulating circulation of the blood \[[@B18]\]. Based on previous studies, it was hypothesized that the local application of the combination of these extracts may modulate periodontitis without the initiation of systemic adverse reactions.

The aims of the study were to evaluate the radiographic and histological changes following the local application of PerioH-035 in a ligature induced-periodontitis rat model.

MATERIALS AND METHODS
=====================

Preparation of herbal formula
-----------------------------

PerioH-035 is composed of the radix of *Angelica sinensis*, radix of steamed *Rehmannia glutinosa*, radix of *Angelica dahurica*, rhizome of *Cimicifuga heracleifolia*, and fruit of *Zanthoxylum piperitum*. Each 100 g of dried herb underwent extraction with 1000 mL 50% ethanol for 24 hours at room temperature. The extracts of each herb were filtered, evaporated, and lyophilized. A freeze-dryer was used to dry the extracts of each herb. The powders obtained were stored at -20℃ until use (*Angelica sinensis* 37.33 g, steamed *Rehmannia glutinosa* 50.12 g, *Angelica dahurica* 34.55 g, *Cimicifuga heracleifolia* 15.03 g, and *Zanthoxylum piperitum* 5.61 g). The final yields of each herb were 37.33%, 50.12%, 34.55%, 15.03%, and 5.61%, respectively. A voucher specimen (PD- PerioH-035) was deposited at our laboratory.

Animals
-------

Male Sprague-Dawley rats aged 7 weeks (RaonBio Inc., Yongin, Korea) were housed in standard conditions (12 h light/dark cycle, 20±2℃ temperature and 50±5% humidity) with access to food and water ad libitum. All experiments were conducted according to the guidelines of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Care and Use of Laboratory Animals of Kyung Hee University (KHUASP(SE)-14-029).

Ligature-induced periodontitis and sample treatment
---------------------------------------------------

The rats were randomly assigned to 1 of 4 groups (n = 7, respectively): NL (non-ligatured), L (ligatured), P1 (ligatured and treated with 1 mg/mL PerioH-035), P100 (ligatured and treated with 100 mg/mL PerioH-035). The sample size was determined based on previous studies\[[@B19][@B20]\]. After adaptation for 1 week, a sterilized 3-0 nylon thread ligature was placed around the cervix of the bilateral mandibular first molars of rats under anesthesia with intraperitoneal injection of a tiletamine/zolazepam mixture (Zoletil 50; Virbac Lab, Carros, France), except in the NL group. For the treatment, 20 mg of 5 herbal powders were mixed and dissolved in 1 mL distilled water (100 mg/mL of PerioH-035). To enhance the viscosity, 1% carboxymethyl cellulose was added to the samples. The normal group, NL, received no treatment and the negative control group, L, was treated with vehicle gel. The PerioH-035-treated groups, P1 and P100, were topically treated with 100 µL of 1 and 100 mg/mL PerioH-035 on the bilateral first molars. The treatments were continued once per day for 2 weeks.

Micro-computed tomography analysis
----------------------------------

The left mandibles were analyzed by micro-computed tomography (micro-CT; SkyScan, SCANCO USA, Southeastern, PA, USA), with a minor modification of a previously published protocol after excising the ligatures \[[@B21]\]. Using three-dimensional image reconstructions, the cementoenamel junction (CEJ) and marginal bone crest were drawn manually. Alveolar bone resorption was measured as the distance from the CEJ to the alveolar bone crest.

Methylene blue staining
-----------------------

The right mandibular molar regions were retrieved following the excision of the ligatures and fixed in 10% neutralized formalin for 18 hours. De-fleshed molar samples were stained with 1% aqueous methylene blue (Sigma, MO, USA) for 5 minutes. Digital photography was obtained from a 100 mm macro lens Canon digital camera (Canon, Tokyo, Japan). The root axis of the first molar teeth (three roots) was measured with a computerized densitometry system Image J (NIH, Bethesda, MD, USA). The amount of the alveolar bone loss (ABL) was the average of the values of the measurements from three points along the CEJ to the alveolar bone crest.

Hematoxylin and eosin staining
------------------------------

Following the micro-CT, the left mandibular molar regions were separated and fixed in 10% neutralized formalin for 18 hours. To decalcify, 0.1 M ethylene diamine tetraacetic acid aqueous solution was used for 2 months at room temperature with general shaking. The decalcified molars were embedded in paraffin. 7-µm cut sections were stained with hematoxylin and eosin (H&E). The digital images were acquired using Leica Application Suite (LAS) microscope software (Leica Microsystems, Buffalo Grove, IL, USA). The magnifications used were 40× and 200×.

Tartrate-resistant acid phosphatase (TRAP) staining
---------------------------------------------------

The 7-µm cut sections were stained with tartrate-resistant acid phosphatase (TRAP; Sigma, St. Louis, MO, USA) according to the manufacturer's instruction. Naphthol AS-BI phosphate was used as a substrate. The TRAP-stained slides were again stained with hematoxylin to identify the multinuclear cells. The digital images were acquired using Leica Application Suite (LAS) microscope software. The magnification used was 200×.

Reverse transcription polymerase chain reaction (RT-PCR)
--------------------------------------------------------

Total RNA from the detached gingival tissues was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. A volume of 1 µg of the total RNA from each sample was isolated and synthesized into cDNA using commercially available cDNA synthesis kits (Invitrogen Corp., Carlsbad, CA, USA) at 45℃ for 60 minutes and then at 95℃ for 5 minutes. The samples were then stored at -20℃ until further use. Amplification of cDNA was conducted with Taq polymerase and primers specific for matrix metalloproteinase (MMP)-9 mRNA and GAPDH. The following primers were used: MMP-9, 5′-GGG ACG CAG ACA TCG TCA TC-3′ (forward) and 5′-TCG TCA TCG TCG AAA TGG GC′ (reverse); and GAPDH, 5′-CCA TCA CCA TCT TCC AGG AG -3′ (forward) and 5′-CCT GCT TCA CCA CCT TCT TG-3′ (reverse). Optimum conditions for RT-PCR were established using routine methods. The conditions used for MMP-9 were 35 cycles of 94℃ for 20 seconds, 60℃ for 30 seconds and 72℃ for 2 minutes, with final extension at 72℃ for 10 minutes. The PCR products were electrophoresed in a 1% agarose gel. Relative mRNA expression was quantified with Quantity One software using the GAPDH mRNA expression level as a reference. Visualized bands were quantified using a computerized densitometry system, Image J.

Statistical analysis
--------------------

Significance was determined by one-way analysis of variance (ANOVA) and Dunnett's multiple comparison tests. In all analyses, *P*\<0.05 was taken to indicate statistical significance.

RESULTS
=======

PerioH-035 treatment inhibited alveolar bone loss
-------------------------------------------------

Three-dimensional reconstruction from micro-CT images revealed the ABL, and the amount of exposed root surface was about 1.52 times higher in the L group, which was significant (NL = 785.67±208.5 µm; L = 1,197.07±234.22 µm; *P*\<0.001), and the treatment of PerioH-035 100 mg/mL significantly inhibited the alveolar bone resorption by up to 15.30% (1,014.04±221.81 µm; *P*\<0.05) ([Fig. 1](#F1){ref-type="fig"}). However, there was no statistical difference between L and P1.

Similar results were shown in the methylene blue staining. The rats with ligatures showed significant ABL---about 1.32 times that of NL (NL = 2,720±130 µm; L = 3,610±280 µm; *P*\<0.001). It was observed that treatment with PerioH-035 1 and 100 mg/mL (3,003±140 and 2,920±310 µm; 16.81% and 19.11%, respectively) significantly reversed the ABL caused by ligature-induced periodontitis ([Fig. 2](#F2){ref-type="fig"}).

PerioH-035 treatment decreased the number of osteoclast cells
-------------------------------------------------------------

Multinuclear cells, which appeared TRAP-positive cells, were markedly increased by ligature induction as shown in the L group. Increased TRAP-positive cells were reduced by the treatment with PerioH-035, especially in the P100 group ([Fig. 3](#F3){ref-type="fig"}).

PerioH-035 treatment maintained the integrity of periodontal structures
-----------------------------------------------------------------------

In the ligature-induced periodontitis model, severe inflammatory infiltration of the gingival tissues were observed compared with the NL group and exhibited loss of attachment, severe bone resorption, apical migration of junctional epithelium, and cementum demineralization. Several resorption pits were also observed on the cementum surface. However, the treatment with 100 mg/mL PerioH-035 appeared to prevent the destruction of periodontal tissues and the connective attachment was maintained over the cementum lining along the root surface ([Fig. 4](#F4){ref-type="fig"}).

PerioH-035 treatment reduced the MMP-9 mRNA expression in periodontal tissues
-----------------------------------------------------------------------------

The expression of MMP-9 mRNA of gingival tissue in the L group was significantly higher than that in the NL group (NL = 1±0.08; L = 14.1±0.11; *P*\<0.05). However, topical application of PerioH-035 significantly decreased the expression of MMP-9 mRNA in gingival tissues at all concentrations compared with the L group (P1 = 8.7±0.29; P100 = 7.3±0.34; *P*\<0.05) ([Fig. 5](#F5){ref-type="fig"}).

DISCUSSION
==========

To understand the etiology of periodontal disease and to develop potential periodontal treatment drugs, various animal study models have been developed \[[@B22][@B23]\]. Among the various experimental periodontitis models, the rat model with ligature-induced periodontitis is one of the most widely used and evidence-based models \[[@B24]\]. The current study model has been utilized frequently in previous studies, and it has been clearly shown that ligature-induced periodontitis resulted in increased alveolar bone resorption and the infiltration of inflammatory cells along with an increase in pathogenic microbes \[[@B25]\]. In the present study, we postulated that the herbal extract compound PerioH-035 would reduce the inflammatory reaction in a ligature-induced model and might prevent periodontal tissue destruction during the induction of experimental periodontitis.

It is well established that bone is remodeled by interactions with bone formation by osteoblasts and bone resorption by osteoclasts \[[@B26]\]. ABL is an especially typical characteristic of periodontitis, evidencing the series of events following alveolar bone resorption \[[@B27]\]. However, topical PerioH-035 application into the mandibular first molar has significantly reduced ABL as shown in three-dimensional reconstructions from micro-CT images and methylene blue staining. In addition, osteoclastic activity, indicated with TRAP-positive brown staining, was decreased by PerioH-035 treatment. These results collectively suggested that PerioH-035 possibly ameliorated alveolar bone resorption via inhibition of osteoclasts, resulting in a decrease in ABL.

Tissue destruction, such as cementum demineralization and gingival collapse, are typical manifestations of the progress of periodontitis \[[@B28]\]. The blurred line regarded as irregular cementum is one of the clinical characteristics of periodontal breakdown. In addition, collagen denaturation in gingival tissue with severe inflammatory infiltrate aggravates alveolar bone destruction \[[@B25]\]. In this study, PerioH-035 application at a 100 mg/mL concentration showed a decrease in bone resorption pits, apical migration of the junctional epithelium, and cementum demineralization, as well as collapsed gingiva, indicating that PerioH-035 was well applied over the cementum lining along the root surface and the connective attachment.

Collagenolytic enzymes such as MMP play a critical role in collagen degradation in the periodontal tissues \[[@B29][@B30]\]. In particular, MMP-9 enzyme activity has been reported to have a vital relationship with periodontitis by degrading denatured interstitial collagens \[[@B31][@B32]\]. Ligature application in the lower first molar appeared to induce higher expression of MMP-9 compared to a non-ligatured model, and it was demonstrated that MMP-9 was significantly inhibited by PerioH-035. Collectively, collagen degradation in the gingival tissues seems to be reversed along with PerioH-035 treatment via a decrease of MMP-9 expression.

In summary, application of a novel herbal extract, PerioH-035, inhibited alveolar bone resorption by the reduction of osteoclastic activity, maintained the integrity of periodontal structures such as irregular cementum and connective attachment, and lowered collagen degradation in gingival tissues by down-regulating the expression of MMP-9. These results suggest that PerioH-035 has ameliorative effects on the progress of periodontal breakdown and might be utilized for the treatment or the prevention of periodontal diseases.
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![The effect of PerioH-035 on alveolar bone loss indicated by three-dimensional reconstruction from micro-CT images. PerioH-35 is an herbal formula, containing *Angelica sinensis*, steamed *Rehmannia glutinosa*, *Angelica dahurica*, *Cimicifuga heracleifolia*, and *Zanthoxylum piperitum.* Representative micro-computed tomography images are shown (A) and the measurement of the alveolar bone resorption is illustrated (B). The scale bar is 1 mm. Data shown are mean±S.E.M (NL = 785.67±208.5 µm; L = 1,197.07±234.22 µm; P1 = 1,140.03±261.30 µm; P100 = 1,014.04±221.81 µm). Statistically significant differences between groups (^a)^ *P*\<0.001). NL, non-ligatured; L, ligatured; P1, ligatured and treated with 1 mg/mL PerioH-035; P100, ligatured and treated with 100 mg/mL PerioH-035.](jpis-45-145-g001){#F1}

![The effect of PerioH-035 on alveolar bone loss indicated by methylene blue staining. PerioH-35 is an herbal formula, containing *Angelica sinensis*, steamed *Rehmannia glutinosa*, *Angelica dahurica*, *Cimicifuga heracleifolia*, and *Zanthoxylum piperitum.* (A) Representative images demonstrate the alveolar bone resorption. The scale bar is 1 mm. (B) The measurement of vertical alveolar bone resorption is illustrated, and the application of P100 has significantly inhibited the alveolar bone resorption. The red lines represent the distance from the cementoenamel junction to the alveolar bone crest. Data shown are mean ±S.E.M (NL = 2,720±130 µm; L = 3,610±280 µm; P1 = 3,003±140 µm; P100 = 2,920±310 µm). Mean values were significantly different among groups. (^a)^*P*\<0.05, ^b)^*P*\<0.01). NL, non-ligatured; L, ligatured; P1, ligatured and treated with 1 mg/mL PerioH-035; P100, ligatured and treated with 100 mg/mL PerioH-035.](jpis-45-145-g002){#F2}

![The effect of PerioH-035 on osteoclastic activity indicated by tartrate-resistant acid phosphatase (TRAP) staining. PerioH-35 is a herbal formula, containing *Angelica sinensis*, steamed *Rehmannia glutinosa*, *Angelica dahurica*, *Cimicifuga heracleifolia*, and *Zanthoxylum piperitum.* The arrows indicate TRAP-positive cells. Scale bar = 100 µm. NL, non-ligatured; L, ligatured; P1, ligatured and treated with 1 mg/mL PerioH-035; P100, ligatured and treated with 100 mg/mL PerioH-035.](jpis-45-145-g003){#F3}

![The effect of PerioH-035 on histological changes of the periodontium. PerioH-35 is an herbal formula, containing *Angelica sinensis*, steamed *Rehmannia glutinosa*, *Angelica dahurica*, *Cimicifuga heracleifolia*, and *Zanthoxylum piperitum.* The yellow arrows indicate root cementum (A). The red arrows indicate gingival tissue (B). The thickness and the structure appears intact in the P100 group. Significant destruction of gingival tissue is also visible in the experimental periodontitis groups; however, the P100 group shows the pattern with the least destruction. C, cementum; D, dentin; PL, periodontal ligament; G, gingiva; NL, non-ligatured; L, ligatured; P1, ligatured and treated with 1 mg/mL PerioH-035; P100, ligatured and treated with 100 mg/mL PerioH-035. Scale bar = 100 µm (A) and 400 µm (B). H&E staining.](jpis-45-145-g004){#F4}

![The effect of PerioH-035 on the expression of MMP-9 mRNA. PerioH-35 is an herbal formula, containing *Angelica sinensis*, steamed *Rehmannia glutinosa*, *Angelica dahurica*, *Cimicifuga heracleifolia*, and *Zanthoxylum piperitum.* Polymerase chain reaction results are shown (A), and a dose-dependent decreasing pattern of inverse relationship is observed. The ratio of the expression of MMP-9 in comparison to GAPDH is illustrated (B). The data shown are mean±S.E.M (NL = 1±0.08; L = 14.1±0.11; P1 = 8.7±0.29; P100 = 7.3±0.34). Application of P1 and P100 has significantly reduced the expression of MMP-9 (^a)^*P*\<0.05). MMP-9, matrix metalloproteinase-9; NL, non-ligatured; L, ligatured; P1, ligatured and treated with 1 mg/mL PerioH-035; P100, ligatured and treated with 100 mg/mL PerioH-035.](jpis-45-145-g005){#F5}
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